INTRODUCTION
CNS metastases are common in patients with non-small-cell lung cancer (NSCLC), developing in approximately 30% of patients with advancedstage adenocarcinomas. 1 It has been recognized that patients with brain metastases comprise a heterogeneous population. [2] [3] [4] [5] With regard to brain metastases from NSCLC, the disease-specific graded prognostic assessment (GPA) has identified patient groups for which median survival ranges from 3 to 14.8 months. 6, 7 Approximately 5% of NSCLCs have ALK rearrangement, 8 and these patients achieve prolonged progression-free survival (PFS) when treated with crizotinib, an ALK-targeted tyrosine kinase inhibitor (TKI). 9-12 However, brain metastases and disease progression in the brain are common in this subpopulation [13] [14] [15] and may result from poor CNS penetration by crizotinib. 16 Control of metastatic disease to the brain is now emerging as a crucial issue in the treatment of these patients, and it has been suggested that local control of disease at sites of oligoprogression may improve outcomes.
treatments. Because the optimal treatment approach for brain metastases varies according to the specific patient subset and expected prognosis, we sought to describe outcomes for patients with NSCLC and ALK rearrangement and to identify prognostic factors that can be used to appropriately tailor treatment strategies. Our analysis of a large cohort of patients with brain metastases from ALK-rearranged NSCLC provides significant new insights into outcomes for this patient population. These findings establish a role for the use of molecularly defined prognostic indices to tailor treatment for patients with CNS metastases from NSCLC.
PATIENTS AND METHODS
Patient information was collected under individual institutional review board-approved protocols. Criteria for inclusion in this retrospective study were a diagnosis of ALK-rearranged NSCLC, brain metastasis, and evaluation for radiotherapy (RT). ALK translocation was determined by fluorescent in situ hybridization. A total of 90 patients with brain metastases diagnosed between 2007 and 2014 were identified from six institutions: University of Colorado (n 5 33), Yale University (n 5 17), Memorial Sloan Kettering Cancer Center (n 5 14), Ohio State University (n 5 11), DanaFarber Cancer Institute (n 5 9), and Vanderbilt University (n 5 6).
Age, sex, Karnofsky performance score (KPS), smoking history, stage at diagnosis, time interval to developing brain metastasis, number of metastatic brain lesions, and presence of extracranial metastasis (ECM) at the time of brain metastasis diagnosis were recorded. Systemic disease status at the time of brain metastasis was also classified as stable, oligoprogressive (# four sites of worsening extracranial disease), or progressive. Treatment dates, follow-up, CNS disease control, and characteristics describing RT, chemotherapy, TKI treatment, or neurosurgical intervention were also recorded.
Statistical analysis was performed using STATA software (version 13.1; STATA, College Station, TX). Kaplan-Meier analysis was used to estimate overall survival (OS) and intracranial PFS stratified by patient or treatment characteristics, and the log-rank test was used to assess for differences. OS was calculated from the date of brain metastasis diagnosis to the time of death. Intracranial progression was calculated from the date of brain metastasis diagnosis to first progression in the brain. Multivariable analysis was performed using the Cox proportional hazards regression model. A two-sided P value # .05 was considered statistically significant. Independent predictors of OS were identified by multivariable analysis, and Kaplan-Meier analysis was used to estimate median survival and 2-year survival for patients with zero, one, two, or three factors.
RESULTS
Patient characteristics are summarized in Table 1 . Median follow-up was 38.1 months (range, 0.95 to 185.5 months) when calculated from the date of lung cancer diagnosis and 16.0 months (range, 0.16 to 82.2 months) from the date of first brain metastasis. Patients from this cohort were relatively young (median age, 52 years; range, 23 to 80 years), with a large proportion of nonsmokers (67%). Most patients in this study presented with stage IV disease, and 30% of patients had brain metastases at the time of diagnosis. In the remaining 70% of patients, brain metastases developed at a median of 27 months from initial diagnosis of lung cancer (range, 2 to 174 months). Brain metastases were detected by magnetic resonance imaging in essentially all patients (98%), and nearly half of the patients had $ four brain metastases at the time of presentation. ECM was found in 69% of patients at the time of brain metastasis diagnosis, whereas 30% of patients had only brain metastases. At the time of brain metastasis development, patient KPS was 90 to 100 (50% of patients), 70 to 80 (30% of patients), and , 70 (10% of patients; KPS was not available for nine patients). The excellent KPS for this cohort suggests that brain metastases were likely minimally symptomatic, responsive to steroid therapy, or asymptomatic for most of these patients.
A total of 84 of 90 patients received RT for treatment of brain metastases, and six patients received TKI therapy alone. Surgical resection preceded RT in eight patients. RT was delivered with either localized SRS (Gamma Knife or linear accelerator based) or WBRT. SRS was delivered to 64 patients, to a median of two lesions per session (range, one to 18 lesions) and a median prescribed dose of 20 Gy (range, 15 to 27.5 Gy). Forty-five patients received WBRT, to a median dose of 30 Gy (range, 20 to 50.4 Gy). Twenty-two craniotomies were performed in 17 patients, with gross tumor resected in 15, necrosis resected in five, biopsy performed in one, and thermocoagulation performed in one. Eighty-four patients received crizotinib, and 41 received a secondgeneration ALK inhibitor (ceritinib, n 5 21; AP-26113, n 5 16; alectinib, n 5 2; and X-396, n 5 2). Patients categorized as having received prior TKI therapy received crizotinib for at least 4 months. Of the 44 patients who received an ALK-targeted TKI before developing brain metastases, 38 received crizotinib, and six received crizotinib followed by a second-generation ALK inhibitor before developing metastatic disease in the brain. Median OS after diagnosis of brain metastasis was 49.5 months (range, 0.2 to 82.2 months; 95% CI, 29.0 months to not reached). Kaplan-Meier estimates of 1-and 2-year OS were 72% and 66%, respectively (Fig 1A) . At the time of analysis, 51 patients had experienced progression in the CNS. Median intracranial PFS was 11.9 months (range, 1 to 81.4 months; 95% CI, 10.1 to 18.2 months; Fig 1B) .
OS was significantly longer for patients with metastatic disease limited to the brain (median survival, not reached) compared with patients with ECM and brain metastases (median survival, 32.6 months; P 5 .003; Fig 2A) . There was no survival difference for patients with stable or no evidence of systemic disease versus progressive systemic disease (P 5.644). OS did vary significantly by KPS, with median survival of 54.8 months for KPS of 90 to 100, 27.8 months for KPS of 70 to 80, and 3.5 months for KPS , 70 (P , .001; Fig 2B) . There was no survival difference for patients presenting with a single brain metastasis versus . one metastasis (63.3 v 49.5 months; P 5 .633; Fig 2C) .
ALK-targeted TKIs were initiated before the development of brain metastases in 49% of patients, and OS was significantly inferior compared with those patients who began TKI therapy after diagnosis of brain metastases (median survival, 28.4 v 54.8 months, respectively; P , .001; Fig 3A) . In contrast, intracranial progression of brain metastases was equivalent for both patient groups (median intracranial PFS, 11.7 v 11.9 months, respectively; P 5.978; Fig 3B) , demonstrating no difference in durability of CNS metastasis control. Initial RT was delivered with single-fraction SRS for 48 patients and with WBRT for 34 patients (seven patients received no RT), and survival did not differ between these two groups (P 5 .666). A nonsignificant trend toward improved intracranial PFS for those patients who received WBRT first was observed (P 5 .082; Appendix Fig A1, online only) .
On multivariable analysis, no prior treatment with ALK-targeted TKIs, absence of ECM, and KPS $ 90 were found to be independent predictors of OS (Table 2) . Notably, age, smoking history, number of metastatic lesions in the brain (one v multiple), and initial type of RT (SRS v WBRT) were not observed to significantly influence prognosis.
The number of RT procedures (SRS or WBRT) and neurosurgical procedures to the brain for this patient cohort are shown in Figure 4B . Overall, 119 SRS treatments in 64 patients, 48 courses of WBRT in 45 patients, and 21 neurosurgical procedures in 16 patients were documented. Repeat use of RT was frequent in this patient cohort, with 43 of 84 patients receiving a repeat RT procedure and 21 of 84 receiving $ three procedures. On average, for each year of life after diagnosis of brain metastasis, 1.4 brain treatments were performed in year 1, 0.6 in year 2, 0.7 in year 3, and 0.5 in year 4 for those patients still alive and with follow-up.
The status of brain disease at the time of death was examined for the 34 patients who died. Thirteen of 29 patients with follow-up had progressive brain metastases at the time of death, and 10 (33%) of 30 had symptomatic brain metastases, with seven of 10 requiring steroid therapy. Cause of death was unknown for most patients, but was determined to be the result of neurologic complications in five patients.
To assess the utility of the GPA to predict survival in patients with ALK-rearranged NSCLC and brain metastasis, patients were divided into NSCLC-specific GPA groups, 7 and median survival was calculated for each of these groups (Appendix Table A1 , online only). GPA was not prognostic for this patient population, and patients with ALK-rearranged disease significantly exceeded the GPA-predicted survival. Survival outcomes for patients with zero, one, two, or three of the independent factors identified by multivariable analysis are shown in Figure 4A . Patients with KPS , 90, ECM, and prior TKI therapy had 2-year survival of 33% (Appendix Table A2 , online only). For patients with one, two, or three positive prognostic factors, 2-year survival was estimated to be 59%, 76% and 100%, respectively (P , .001). www.jco.org and are essential for patient counseling and for guiding treatment recommendations. [2] [3] [4] [5] [6] [7] The recent revolution in characterizing predictive biomarkers for targeted therapy also provides an opportunity for integrating molecular information into prognostic models and better informing both physicians and patients about anticipated outcomes. In this study, we investigated outcomes for patients with ALK-rearranged NSCLC and brain metastases. We found that patients with NSCLC with ALK rearrangement and brain metastases had a median OS . 4 years and intracranial PFS after treatment was nearly 1 year. These favorable survival outcomes are noted despite 74% of patients presenting with multiple brain metastases, nearly half with $ four metastases. We also found that three significant clinical factors (KPS, presence of ECM, and prior TKI treatment) could be used to further refine estimates of prognosis. Our multi-institutional study thus provides the first large data set to our knowledge of long-term outcomes for ALK-rearranged NSCLC with brain metastases.
In this study, patients were predominantly treated with RT, using either SRS or WBRT. An analysis of first-line RT delivery (SRS v WBRT) showed no evidence of a survival difference, although a trend toward increased brain failure for those patients who received firstline SRS was observed. These results are similar to data from the Japanese Radiation Oncology Study Group 99-1 and European Organisation for Research and Treatment of Cancer 22952-26001 randomized trials, which showed equivalent survival but increased brain failure in patients who received SRS without WBRT. 18, 19 This latter study of patients with one to three brain metastases convincingly demonstrated that the tradeoff for increased brain control with WBRT is significant decreases in physical and cognitive functioning and health-related quality of life 20 and was in agreement with a smaller randomized study by Chang et al, 21 which prospectively demonstrated cognitive benefits for those patients who did not receive immediate WBRT. These characterizations of delayed sequelae from WBRT are particularly important for the cohort of patients described herein and are further supported by a recent meta-analysis that showed a survival advantage for SRS alone versus SRS plus WBRT for patients age , 50 years. 22 Patients with ALK-rearranged NSCLC and brain metastases have a relatively long survival, and thus, SRS and deferred WBRT should be strongly considered for these patients.
Recursive partitioning analysis 2,3 and improved GPA 4-7 are established prognostic indices for patients with brain metastases. For NSCLC, the most favorable GPA (age # 50 years, KPS $ 90, absent ECM, and single brain metastasis) has an estimated survival of 14.8 months.
6,7 In comparison, we found that median survival in patients with tumors harboring an ALK rearrangement was 49.5 months, demonstrating that in the context of modern TKI treatment and RT, ALK rearrangement alone is a strong predictor for improved survival in patients with NSCLC brain metastases. Multivariable analysis of patient and treatment characteristics revealed that high KPS, absence of ECM, and no prior treatment with a TKI were all associated with improved survival. In patients who were TKI naive at the time of CNS disease presentation, we found that median survival was nearly doubled compared with patients in whom brain metastases were detected during treatment with an ALK inhibitor (median survival, 28.4 v 54.8 months, respectively), raising the possibility that control of CNS disease with RT may be an important determinant of OS.
Extended survival for patients with a single brain metastasis has been observed in the Radiation Therapy Oncology Group 9508 and Patchell randomized trials, the GPA, and a recent meta-analysis, suggesting that a single brain metastasis is a marker for low disease burden, and thus, intensification of local therapy affects survival. In our study, a single metastasis was not prognostic. This difference indicates that the number of brain metastases is not a reliable surrogate for disease burden in the setting of ALK rearrangement, TKI therapy, and the ability to deliver focal radiation with SRS. This finding also implies that patients with control of their systemic disease burden might also derive a survival benefit from intensification of therapy at multiple intracranial sites. This hypothesis could not be explored in our patient cohort, because SRS was used as salvage therapy in 15 of 34 patients who received WBRT. However, the concept of local intensification of therapy to sites of progression has been examined in patients with oligoprogressive extracranial disease using SBRT or surgery, and an apparent survival benefit has been suggested. 14, 17, 25 Brain metastases have metachronous presentation because of either divergent growth rates or intermittent metastatic events to the brain. Thus, in the setting of extended survival, the brain remains at high risk for recurrence with either focal (SRS or surgery) or regional therapy (WBRT). In our patient cohort, intracranial progression frequently required management with additional RT, and although the median time to intracranial progression was nearly 1 year, more than half of the patients experienced progression in the brain after initial management and required additional treatment with RT. One fourth of the patients were re-treated with RT at least three times. Considering that most patients in this cohort were alive at last follow-up, these data reveal and also significantly underestimate the prevalence of repeat RT in this population. The observed frequency and likely necessity for repeat RT procedures in patients with brain metastases from ALK-rearranged NSCLC provide a second rationale for deferring WBRT when feasible.
This study also shows that nearly 40% of patients were found to have progressive brain metastases at the time of death, a majority of which were symptomatic, indicating that strategies to manage CNS progression in these patients are of considerable importance. Together these findings reinforce the need for routine brain surveillance with magnetic resonance imaging and evaluation for repeat CNS treatment. 26 They also illustrate the need for ALKtargeted TKIs with improved CNS penetrance and trials that allow for comparison of intracranial progression rates with those of crizotinib. Even a modest increase in CNS availability is likely to have a significant impact on this patient population, and evaluations of second-generation ALK inhibitors for efficacy in the CNS are currently under way.
27,28
This study is limited by its retrospective nature. Bias may also have been introduced by the patient cohort, which was obtained from National Cancer Institute-designated cancer centers that have access to investigational second-generation ALK TKIs through clinical trials and may attract patients with better performance status. However, it is encouraging that outcomes from our patient cohort are comparable to those from the PROFILE 1005 and 1007 studies, which demonstrated an intracranial time to progression with crizotinib of 13.2 months, 29 similar to our finding of 11.9 months. Together these data provide a useful benchmark for evaluating and guiding the design of clinical trials to test the efficacy of second-generation ALK-targeted TKIs on brain metastases. Another limitation of this study is that we were unable to capture quality-of-life or neurocognitive follow-up data. Thus, because of the limitations of these data, a prospective study would be required to confirm that SRS is a superior first-line treatment for patients with ALK rearrangement and brain metastasis.
In summary, our hypothesis that the prognosis for patients with NSCLC with brain metastases could be further refined according to molecular subtype was confirmed by this multiinstitutional analysis of patients with ALK-rearranged NSCLC. We found that patients with this genetic marker had a prolonged survival when treated with systemic TKIs and brain RT and that repeat interventions to achieve intracranial disease control were an important component of treatment. In addition, clinical factors that classify patients into distinct prognostic groups were identified for this patient population (KPS, absence of ECM, and no history of ALK-directed TKI therapy before developing brain metastases) and will be useful for stratifying patients into risk groups in the setting of a clinical trial or for guiding decision making between the use of SRS or WBRT. On the basis of the data from this study, we make a strong recommendation to treat patients with either KPS $ 90, no ECM, or no prior TKI therapy with SRS. As advances in the treatment of this disease are made with both local and systemic therapies, favorable SRS side effect profiles or other factors such as patient eligibility to receive effective systemic therapy may also warrant consideration of SRS over WBRT for treatment of brain metastases.
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